Introduction
============

Oxidative damage within living organisms is governed by the balance between the production of reactive oxygen species (ROS) and endogenous antioxidant-protective systems including vitamin C, vitamin E, glutathione, and antioxidant enzymes such as superoxide dismutase, catalase, and glutathione peroxidase, etc. Under normal physiological conditions, excessively generated ROS are eliminated by these antioxidant-protective systems. However, under conditions of oxidative stress, the production of ROS increases remarkably and endogenous antioxidants fail to scavenge all of ROS completely, resulting in severe injuries such as atherosclerosis,^([@B1])^ diabetes,^([@B2])^ renal failure,^([@B3])^ Alzheimer's disease,^([@B4])^ and myocardial infarction.^([@B5])^ One of the most plausible ways to prevent these oxidative stress injuries is the administration of an exogenous ROS scavenger. Currently, many ROS scavenging compounds have been reported. Most of these compounds are synthetic and/or natural low-molecular-weight (LMW) compounds. However, LMW ROS scavengers are known to result in various adverse effects within the body, which is hypothesized to be due to non-specific diffusion of LMW drugs throughout the entire body. In particular, LMW drugs are easily internalized into cells, which may result in cellular dysfunction. For example, it has been reported that 4-hydroxy-2,2,6,6-tetramethylpiperidine-*N*-oxyl (TEMPOL), which is one of the strongest LMW ROS scavengers, suppresses ROS-induced damage *in vitro*. However, it is known to induce strong adverse effects such as mitochondrial dysfunction and apoptosis due in part to the excessive uptake of LMW-TEMPOL in mitochondria, which can result in various non-essential redox reactions.^([@B6],[@B7])^ It has also been reported that when TEMPO derivatives are administered to animals, dramatic reduction in blood pressure can result.^([@B8])^ As a result, the therapeutic effects of LMW ROS scavengers remain limited. In order to improve therapeutics against oxidative stress injuries, while suppressing their adverse effects, novel strategies must be developed.

Recently, we have initiated the design of new redox-polymer therapeutics, in which nitroxide radicals were installed covalently to a polymer backbone as a side chain. The polymer which we have synthesized was an amphiphilic methoxy-poly(ethylene glycol)-*b*-poly\[4-(2,2,6,6-tetramethylpiperidine-*N*-oxyl)oxymethylstyrene\] (MeO-PEG-*b*-PMOT). The core-shell type polymeric micelles \[Redox nanoparticles (RNP^O^)\], which are prepared by self-assembling of MeO-PEG-*b*-PMOT in aqueous media, are several tens nanometers in diameter (Scheme 1). The nitroxide radicals, installed as a side chain to the hydrophobic segment in the block copolymer, were confined within the core of the nanoparticle. As a result, our therapeutic strategy using RNPs has thus far demonstrated remarkable protective and therapeutic effects on renal and cerebral ischemia-reperfusion injuries,^([@B9],[@B10])^ cerebral hemorrhage,^([@B11])^ and ulcerative colitis^([@B12])^ compared to LMW-TEMPOL. In addition, RNPs suppress the toxicity and adverse effects of LMW nitroxide radicals such as anti-hypertensive effects.^([@B10],[@B13])^ It has confirmed that RNP^O^ have a blood half-life of approximately 18 h after its intravenous administration, which is 4320-fold longer than that of LMW-TEMPOL.^([@B10])^ In general, it is well known that oxidative stress in blood can result in physiological abnormalities such as the activation of platelets, hemolysis, and blood coagulation. However, the behavior of RNPs or LMW-TEMPOL in blood has not been fully examined. To suppress oxidative stress in blood, a thorough investigation of the influences of RNPs and LMW-TEMPOL in blood is essential as well as blood circulation. In this study, we investigated the behavior of RNP^O^ and LMW-TEMPOL in the blood by measurements of hemolysis, cellular uptake, mitochondrial activity, platelet adhesion, and blood coagulation.

Experimental Section
====================

Synthesis of MeO-PEG-*b*-PMOT
-----------------------------

MeO-PEG-*b*-PMOT block copolymer was synthesized as described previously.^([@B10])^ Briefly, methoxy-poly(ethylene glycol)-*b*-poly(chloromethylstyrene) (MeO-PEG-*b*-PCMS) was synthesized by performing the radical telomerization of chloromethylstyrene with methoxy-poly(ethylene glycol)-sulphanyl (Mn = 5,000; NOF corporation, Tokyo, Japan) as a telogen. The polymer backbone of MeO-PEG-*b*-PCMS consisted of PEG for the hydrophilic segment and 14 repeating units of PCMS for the hydrophobic segment, as determined by using ^1^H NMR data. To obtain MeO-PEG-*b*-PMOT, chloromethyl groups on the PCMS segment of the block copolymer were converted to nitroxide radicals via Williamson ether synthesis of benzyl chloride in the MeO-PEG-*b*-PCMS block copolymer with the alkoxide of TEMPOL. After purification of the obtained MeO-PEG-*b*-PMOT, the substitution ratio of the modified TEMPO moieties per repeating unit of PCMS was 89.5%, as determined by electron spin resonance (ESR) with a standard curve generated from LMW-TEMPOL (MW of MeO-PEG-*b*-PMOT = 8,800) (the size exclusion chromatography and ^1^H NMR data of PEG-*b*-PMOT are described in supporting information as Supplemental Fig. [1\*](#F1){ref-type="fig"}).

Preparation of RNP^O^
---------------------

RNP^O^ were prepared from MeO-PEG-*b*-PMOT by using a dialysis method, as described previously.^([@B10])^ Briefly, 90 mg of MeO-PEG-*b*-PMOT was dissolved in 6 ml of *N,N*-dimethylformamide, and the polymer solution was transferred into a membrane tube (molecular-weight cutoff size: 3,500; Spectra/Pro; Spectrum, Houston, TX) and dialyzed for 24 h against 2 l of water, which was changed after 2, 5, 8, and 20 h. Dynamic light scattering (DLS) measurements were carried out to determine the diameter of the obtained RNP^O^ following dialysis (the DLS data are described in supporting information as Supplemental Fig. [2\*](#F2){ref-type="fig"}).

Animals
-------

All experiments were performed according to the Guide for the Care and Use of Laboratory Animals at the University of Tsukuba. Male Sprague--Dawley rats (body weight, 150--250 g; age, 5--6 weeks old; Charles River, Yokohama, Japan) were used for all experiments, except for those involving blood coagulation times, which are described in detail in Experimental Section "Measurement of blood coagulation time", and maintained in the experimental animal facilities at the University of Tsukuba. Rats were anesthetized initially with pentobarbital sodium (20--30 mg/kg) (Kyoritsu Seiyaku Corporation, Tokyo, Japan).

Blood sampling and isolation of red blood cells and platelets from rat whole blood
----------------------------------------------------------------------------------

### Collection of rat whole blood.

Blood (9 ml) was collected by performing cardiopuncture from outside the body by using syringes with heparin (Mochida Pharmaceutical, Inc., Tokyo, Japan) (50 IU/ml, 1 ml) except for the measurement of blood coagulation time (the experimental method of blood coagulation time are described in Experimental Section "Measurement of blood coagulation time"), transferred to a siliconized tube, and kept on ice until use, as described previously.^([@B14])^ The final concentration of heparin was 5 IU/ml.

### Isolation of red blood cells from rat whole blood.

Isolation of red blood cells (RBCs) from rat whole blood was carried out, according to the method previously reported.^([@B15])^ Briefly, rat whole blood was centrifuged at 450 × *g* for 10 min at 5°C. The plasma and buffy coat layers, including platelets and white blood cells, were removed, and the RBCs were washed twice with saline (Otsuka Pharmaceutical Co., Ltd., Tokyo, Japan) by centrifugation at 450 × *g* for 3 min at 5°C, followed by resuspension in fresh saline. The final RBCs concentration in saline was approximately 1 × 10^8^ cells/ml.

### Isolation of platelets from rat whole blood.

Isolation of platelets from rat whole blood was carried out, according to the method previously reported.^([@B16])^ Platelet-rich plasma (PRP) was obtained by centrifugation rat whole blood at 200 × *g* for 10 min at 4°C. The obtained PRP sample was centrifuged at 1,000 × *g* for 8 min at 4°C and the supernatant was removed. The resulting pellet was washed twice with saline and resuspended in saline to obtain a platelet suspension containing 6.5 × 10^5^ cells/µl.

Time profile of ESR signal intensity of nitroxide radicals of RNP^O^ and LMW-TEMPOL in blood
--------------------------------------------------------------------------------------------

A total of 240 µl of rat whole blood was added to 60 µl of RNP^O^ or LMW-TEMPOL solution in saline. Following a predetermined incubation time, the mixture was transferred to a capillary tube, followed by measurement of the ESR signal at predetermined time points. The final nitroxide radical concentration of the RNP^O^ was 1 mM. A LMW-TEMPOL solution with the same nitroxide radical concentration in saline was used as a control.

ESR measurement
---------------

The ESR signals were recorded at room temperature by using a Bruker EMX-T ESR spectrometer operating at 9.8 GHz with a 100 kHz magnetic field modulation. Signals were collected with the following parameters: sweep width, 200 G; microwave power, 2.0 mW; receiver gain, 1,000; time constant, 40.96 ms; and conversion time, 80 ms.

Hemolysis assay
---------------

To hemolyze RBCs by oxidative stress, a hypoxanthine (HX)-xanthine oxidase (XO) system was employed according to a previous report.^([@B17],[@B18])^ The isolated RBCs (6.4 × 10^6^ cells/µl) were washed three times with ten-fold volumes of suspension buffer (145 mM NaCl, 5 mM KCl, 1 mM MgCl~2~, 1 mM CaCl~2~, 10 mM glucose, and 5 mM sodium phosphate buffer, pH 7.0). A 1% suspension of washed RBCs was prepared in the suspension buffer. A total volume of 47 ml of the RBCs suspension was placed in a 50 ml centrifuge tube, and 150 µl of 2 units/ml XO (Sigma-Aldrich Japan, Tokyo, Japan) and 2.75 ml of 5 mM HX (Sigma-Aldrich Japan) were added to the suspension. Final concentrations of XO and HX were 6.0 × 10^−3^ unit/ml and 0.275 mM, respectively. After the suspension was incubated at 37°C in a humidified 5% CO~2~ incubator for 1 h, 450 µl of the hemolyzed RBCs suspension was placed into a 2 ml tube, and 50 µl of RNP^O^ or LMW-TEMPOL solution in saline was added to the hemolyzed RBCs suspension. After incubation for 2 h, the suspension was centrifuged at 2,000 × *g* for 10 min at 4°C and the optical density (OD) at 524 nm of the supernatant was measured by using a UV--vis spectrophotometer (Varioskan Flash; Thermo Fisher Scientific Inc., Tokyo, Japan).

Hemolytic degree (HD) of each sample was determined as follow:

HD (%) = \[OD -- OD~sample~\]/\[OD~positive\ control~\] × 100,

where OD~positive\ control~ was defined as the OD of hemolyzed RBCs supernatant with the addition of distilled water instead of RNP^O^ or LMW-TEMPOL solution in saline at 524 nm, whereas the OD~sample~ was defined as the OD of RNP^O^ and LMW-TEMPOL solution in saline at 524 nm, respectively.

*In vitro* cellular uptake studies
----------------------------------

Rat whole blood (250 µl) was incubated at 37°C with 250 µl of either RNP^O^ or LMW-TEMPOL solution in saline. After a predetermined incubation time, blood cells were separated by centrifugation at 4,500 rpm for 3 min at 4°C. Supernatant (200 µl) was collected from each sample, and its ESR signal was measured following re-oxidation by adding 100 µl of 200 mM K~3~\[Fe(CN)~6~\] (Kanto Chemical, Tokyo, Japan). The uptake into blood cells was expressed relative to ESR signal intensity of RNP^O^ or LMW-TEMPOL without blood cells.

Platelet mitochondrial activity
-------------------------------

Platelet mitochondrial activity was determined by the analysis of mitochondrial membrane potential (MMP), which was measured by staining platelets with the lipophilic cationic dye, 5,5\',6,6\'-tetrachloro-1,1\',3,3\'-tetraethylbenzimidazolylcarbocyanine iodide (JC-1) (Biotium, Inc., Tokyo, Japan). A prepared platelet suspension (2 × 10^6^ cells) was incubated with 50 µl of RNP^O^, LMW-TEMPOL solution in saline, which is an equivalent nitroxide radical concentration, or saline as a control in vial at 37°C for 6 h. After incubation, the supernatant was removed by centrifugation at 4,000 × *g* for 5 min at room temperature, and the platelets were resuspended in 500 µl of JC-1 reagent solution. Platelets were incubated at 37°C in a humidified 5% CO~2~ incubator for 15 min. After incubation, the supernatant was removed by centrifugation at 4,000 × *g* for 5 min at room temperature, and the platelet pellet was washed twice with saline. Platelets were then resuspended in 500 µl of saline, followed by measurement of fluorescence by using a fluorescent spectrophotometer.^([@B19])^ Both red fluorescence (Ex/Em, 550/600 nm) and green fluorescence (Ex/Em, 485/535 nm) were measured.

Adhesion of platelets on glass beads surfaces
---------------------------------------------

Glass beads (70 mg, 105--125 µm diameter; As one, Tokyo, Japan), which were washed with methanol by using a Soxhlet apparatus for 12 h, followed by vacuum drying overnight, were added to a siliconized tube (Sarstedt, Inc., Tokyo, Japan). RNP^O^, LMW-TEMPOL solution in saline or saline as a control (30 µl) and 300 µl of heparinized rat whole blood were added to each tube, followed by incubation at room temperature for 30 min with gentle rotation (1 rpm). After incubation, 100 µl of each blood sample was transferred to an EDTA-coated tube and then placed on ice, followed by a measurement of the number of platelets by using a fully automatic hematology analyzer (Celltac α, MEC-6318; Nihon Kohden Co., Tokyo, Japan). Relative platelet count (%) is expressed as the value relative to that without beads under the same experimental procedures.

To observe the surfaces of glass beads following incubation with blood, scanning electron microscopy (SEM) (JSM-5610, JEOL, Tokyo, Japan) was employed. The glass beads were incubated with heparinized rat whole blood for 30 min and rinsed with phosphate-buffered-saline (PBS) three times to remove weakly adherent blood cells, and subsequently the adherent blood cells were fixed with a glutaraldehyde solution (Kanto Chemical) (1.25 vol%) in PBS at room temperature for 30 min. The beads were then dehydrated by treating with a graduated ethanol/distilled water series from 50% to 100% ethanol in steps of 10% for 30 min, respectively. Following dehydration, the specimens were rinsed in a mixture (50%/50%) of ethanol/2-methyl-2-propanol (Wako Inc., Tokyo, Japan) for 15 min, followed by incubation with 2-methyl-2-propanol twice for 15 min. The resulting specimens were freeze-dried overnight and then gold-coated by using an ion sputter coater, followed by measurement by SEM under the conditions of an accelerating voltage of 5 kV and magnifications of ×230.

Measurement of blood coagulation time
-------------------------------------

A blood coagulation test was performed by using male ICR mice (body weight, 32--35 g; age, 6 weeks old; Charles River). Time of blood coagulation was determined as the time required to coagulate blood in vial. A volume of 100 µl of RNP^O^, LMW-TEMPOL with an equivalent nitroxide radical concentration in RNP^O^, or saline as a control was added to a 1 ml disposable syringe (TERUMO, Tokyo, Japan). Using the syringe with sample, 900 µl of whole blood was obtained from the inferior vena cava of mice. This blood was then added to 2 ml tubes and incubated at 37°C. It should be noted that heparin was not used in this experiment. The extent of blood coagulation was observed by tapping the tube at a 90° angle.

Statistical analysis
--------------------

All values are expressed as mean ± SE. Differences between groups were examined for statistical significance by using Student's *t* test and ANOVA with Bonferroni post hoc test (SPSS software; IBM Corp, Armonk, NY). *p*\<0.05 was considered significant for all statistical analyses.

Results and Discussion
======================

Reduction of nitroxide radicals in blood
----------------------------------------

Nitroxide radicals are chemically synthesized organic compounds possessing an unpaired electron, which results in paramagnetic properties and redox reactions.^([@B20])^ They are known to have numerous applications in biology such as ROS scavengers,^([@B21])^ and ESR spectroscopic probes^([@B25],[@B26])^ that are used as spin label/oxymetry and ESR and magnetic resonance (MR) imaging agents.^([@B22])^ In particular, LMW-TEMPOL is the most extensively utilized nitroxide radical for versatile applications. LMW-TEMPOL has strong redox reactivity,^([@B23])^ which results in ROS scavenging including superoxide anions, hydroxyl radicals, alkylperoxyl radicals, and so on.

Since most areas of the body are under the reducing conditions,^([@B24],[@B25])^ TEMPO derivatives are known to be easily reduced to hydroxylamine forms, which has no ESR signal, by endogenous reducing agents such as ascorbic acid and glutathione *in vivo*.^([@B26])^ Importantly, ROS scavenging activity of hydroxylamine form is reduced to one-fifth that of a nitroxide radical form.^([@B26])^ We have previously confirmed that the nitroxide radicals in RNPs show a reduction resistance even in the presence of 3.5 mM ascorbic acid, due to the confinement of nitroxide radicals in the solid core of RNPs, while LMW-TEMPOL is reduced rapidly.^([@B24])^

To investigate the profiles of nitroxide radicals in the hydrophobic core of RNP^O^ in blood, ESR signals of RNP^O^ in rat whole blood was measured. As shown in Fig. [1](#F1){ref-type="fig"}, 60% of the ESR signal of LMW-TEMPOL rapidly decreased within 1 h, and completely disappeared within 6 h in rat whole blood. In contrast, the ESR signal of RNP^O^ did not decrease significantly by 6 h. It should be noted that the broad ESR signal of RNP^O^ was still observed by 6 h, indicating confinement of nitroxide radicals in the hydrophobic core of RNP^O^ in blood (Supplemental Fig. [3\*](#F3){ref-type="fig"} in Supporting Information).

Hemolysis assay
---------------

As stated above, we have confirmed that the ESR signal of RNP^O^ was observed for long period of time even in rat whole blood. The next question is how RNP^O^ works under conditions of oxidative stress in blood. Under oxidative stress conditions, damage to RBCs causes hemolysis,^([@B27],[@B28])^ which releases hemoglobin from the RBCs due to instability of the cell membrane.^([@B27])^ Here, the effects of RNP^O^ and LMW-TEMPOL on ROS-induced hemolysis were investigated. The HX/XO system, which generates superoxide anions, was employed to induce hemolysis by oxidative stress. As shown in Fig. [2](#F2){ref-type="fig"}, the extent of hemolysis caused by the HX/XO system was not changed when LMW-TEMPOL was added to hemolyzed RBCs. Though small amount of ROS scavenging activity was remained under the present conditions, it might not affect the hemolysis in this study. In contrast, RNP^O^ dramatically prevented hemolysis in a dose-dependent manner. Taken together with the above section, it was confirmed that nitroxide radicals, which exist in the hydrophobic core of the RNPs, are not easily reduced by reducing agents such as ascorbic acid, but rather strongly scavenge HX/XO-induced superoxide anions. As a result of this character, it was found that RNP^O^ prevented ROS-induced hemolysis effectively. Therefore, these results indicate that the gaseous superoxide anion diffuses into the hydrophobic core of RNP^O^ and reacts with nitroxide radicals, while hydrophilic ascorbic acid might not penetrate into the hydrophobic core of RNP^O^.

Cellular uptake of RNP^O^
-------------------------

Here, the cellular uptakes of RNP^O^ and LMW-TEMPOL into blood cells were carried out. LMW-TEMPOL is a cell membrane-permeable compound^([@B29])^; this might be attributed to an inessential redox reaction of LMW-TEMPOL in mitochondria because LMW-TEMPOL induces inhibition of the activity of complex I, and it contributes to ROS formation in the mitochondria.^([@B6])^ In fact, it has been reported previously that LMW-TEMPOL reduces the activity of the electron transfer chain in mitochondria and induces apoptosis.^([@B6])^ Since nitroxide radicals in RNP^O^ are covalently conjugated to polymers with about 9 kDa, it is hard to internalize cell interior across cell membranes. It should be noted that there is no risk of leakage of LMW nitroxide radicals *in vivo*. Moreover, self-assembled nanoparticles are anticipated to avoid internalization in mitochondria, through the cell membrane, due to their size. If RNP^O^ avoids uptake into blood cells, it may not cause mitochondrial dysfunction.

As shown in Fig. [3](#F3){ref-type="fig"}A, the cellular uptake of LMW-TEMPOL increased in a time-dependent manner, and it was confirmed that a 20% uptake of LMW-TEMPOL was attained by 6 h. On the contrary, no uptake of RNP^O^ into blood cells was observed under the same conditions. This tendency was further confirmed by similar experiments with isolated RBCs and platelets viz.; internalization of RNP^O^ into these healthy blood cells was not observed as shown in Fig. [3](#F3){ref-type="fig"}B and C, while an uptake of 15% and 7.5% LMW-TEMPOL was attained by 6 h into RBCs and platelets, respectively. Several tens nanometer size and PEG shell layer might prevent internalization in healthy blood cells. PEG, which is the hydrophilic segment of PEG-*b*-PMOT, is one of the most widely used polymers as remarkable biocompatible materials,^([@B30])^ which possesses the ability to repel biomolecules, including cell surfaces, due to its strong hydration ability,^([@B31])^ conformational ﬂexibility,^([@B32])^ and repulsive force of the PEG tethered chain.^([@B33])^ In addition, size of several nanometers reduces the permeability of RNP^O^, which is in sharp contrast to the LMW compound. Such characters might prevent internalization to blood cells. Taken together with the results of the suppression of superoxide anion-induced hemolysis, these findings suggest that RNP^O^ must scavenge ROS outside of the blood cells.

Platelet mitochondrial activity
-------------------------------

It has been reported that LMW-TEMPOL reduces mitochondrial activity due to internalization into healthy cells. To examine whether RNP^O^ suppresses reduction in mitochondrial activity, mitochondrial activity of platelets was measured compared to LMW-TEMPOL, by using JC-1 dye, which has been used as an indicator of MMP in a variety of cell types. JC-1 shows intense red fluorescence in healthy cells with high MMP, while it shows green fluorescence in apoptotic or unhealthy cells with low MMP.^([@B34])^ As shown in Fig. [4](#F4){ref-type="fig"}, it was confirmed that, when platelets were exposed to LMW-TEMPOL, its red/green ratio of fluorescent intensity of JC-1 was lower than that of control; this means that LMW-TEMPOL induces mitochondrial dysfunction. In contrast, in the case of RNP^O^, its red/green ratio of fluorescent intensity of JC-1 was higher than that of LMW-TEMPOL, indicating that RNP^O^ does not significantly cause mitochondrial dysfunction, unlike LMW-TEMPOL. Note that the red/green ratio of JC-1 into RNP^O^ treated platelet is significantly greater than that of control. We emphasize that the isolation of platelets was carried out according to the previously reported method.^([@B35]--[@B37])^ The possibility exists that under these incubation conditions, platelet mitochondrial activity without any treatments might gradually decrease due to oxidative stress and effective ROS scavenging activity of RNP^O^ suppresses this oxidative stress under incubation.

Suppression of platelet activation
----------------------------------

It has been reported that superoxide anions and hydroxyl radicals promote platelet adhesion to thrombin and result in platelet aggregation.^([@B38])^ In our previous report, it has been proved that a glass bead surface coated with the nitroxide radical-containing polymer results in the activation of blood cells and suppressed blood coagulation due to the scavenging of ROS.^([@B14])^ Therefore, to investigate the suppressive effect of RNP^O^ on platelet activation, rat whole blood was incubated with glass beads to cause contact activation of blood in a vial. Simultaneously, RNP^O^ or LMW-TEMPOL was added to the vial, followed by a measurement of the change in the number of platelets in the blood using a cytometer. As shown in Fig. [5](#F5){ref-type="fig"}A, more than 90% of platelets disappeared from blood when the blood was contacted with glass beads, indicating that contact activation of blood to bead surfaces took place. When LMW-TEMPOL was added to blood along with glass beads, the number of adherent platelets did not change, even at high concentrations of the nitroxide radical. In contrast, when RNP^O^ was added to blood along with glass beads, the number of adherent platelets decreased in a dose-dependent manner. Note that the drastic decrease in the number of adherent platelets was not observed when nRNP, which is prepared by self-assembly of MeO-PEG-*b*-PCMS, thus no nitroxide radicals in the core, was added to blood along with glass beads (Fig. [5](#F5){ref-type="fig"}B). From these results, it is indicated that the scavenging of extracellular ROS by nitroxide radicals in the core of RNP^O^ is attributed to the suppression of platelet activation.

SEM images of the surfaces of glass beads were recorded to observe the adhesion of blood cells. As shown in Fig. [5](#F5){ref-type="fig"}C and D, numerous blood cell adhesions were observed on the surfaces of glass beads incubated with rat whole blood in the presence of saline and LMW-TEMPOL, respectively. On these surfaces, platelet filopodia, fibrin, and blood cell coagulation were observed. In contrast, in the case of RNP^O^, the surfaces were remarkably smooth, and almost no adhesion of blood cells was observed (Fig. [5](#F5){ref-type="fig"}E). A significant difference was observed between LMW-TEMPOL and RNP^O^, and it is suggested that in case of LMW-TEMPOL, the combination of the incomplete ROS scavenge outside of cells and unwanted disturbance of the redox reaction inside of cells might cause platelet activation and promote platelet adhesion on the glass beads surfaces as shown in Fig. [3](#F3){ref-type="fig"} and [4](#F4){ref-type="fig"}. From these results, it was revealed that RNP^O^ can prevent platelet activation, resulting in suppression of platelet adhesion to the glass beads surfaces.

Blood coagulation
-----------------

As discussed previously, platelet activation leads to blood coagulation.^([@B39],[@B40])^ Here, we hypothesized that RNP^O^ suppresses blood coagulation by prevention of activation of blood cells via scavenging of ROS outside the blood cells.

To investigate the suppressive effect of RNP^O^ on blood coagulation, blood coagulation time was measured. Fig. [6](#F6){ref-type="fig"} shows blood coagulation time as a function of nitroxide radical concentration in RNP^O^ and LMW-TEMPOL solution in saline. In the case of saline as a control, blood coagulated at about 3.5 min. LMW-TEMPOL slightly prolonged blood coagulation time, resulting in blood coagulation by 4.6 min even at 10 mM. In contrast, RNP^O^ prolonged blood coagulation time in a dose-dependent manner, and suppressed blood coagulation for 10 min at 10 mM (polymer concentration; 30 mg/ml). Blood coagulation time in the presence of nRNP under the same polymer concentration as RNP^O^ (polymer concentration; 30 mg/ml), was about 5.3 min, indicating that nRNP did not work significantly unlike RNP^O^.

It is known that the blood coagulation mechanism includes intrinsic and extrinsic system. In the case of the intrinsic system, blood coagulation is accelerated by activation of contact factors such as a high molecular weight kininogen-prekallikrein complex when blood is contacted with the foreign materials such as the glass beads. Recently, ROS have been recognized as intracellular messengers. We have hypothesized that ROS are involved in the process of blood coagulation as a key player. Since LMW-ROS scavengers have so far used in the field of biological studies, however, it has been difficult to reveal the relationship between ROS and blood coagulation.

Our designed RNP^O^ avoids cellular uptake and do not cause mitochondrial dysfunction, then RNP^O^ can scavenge extracellular ROS in blood effectively without activation of blood. By its characteristics, we revealed that ROS scavenging in blood leads to the suppression of platelet activation and blood coagulation. Moreover, so far, it has been confirmed that treatment with our designed RNPs is useful in therapy for various oxidative stress injuries including stroke and hemorrhage. Taken together with the results in this study, we assure that suppression of oxidative stress in blood is also attributed to the therapeutic/protective effect of RNPs on oxidative stress injuries, avoiding adverse effects.

Conclusions
===========

We have so far developed nitroxide radical-containing nanoparticles (RNPs) for novel antioxidative nanotherapeutics and confirmed the efficiency for versatile oxidative stress injuries. Most of these investigations were carried out via intravenous administration of RNPs. In this study, we investigated the behavior of RNP^O^ in the blood. One of the principal findings was no internalization of RNP^O^ into healthy blood cells, which is in sharp contrast to LMW nitroxide compounds such as TEMPOL. Because RNP^O^ surrounds the outside of blood cells, no adverse effects inside of cells, such as mitochondrial dysfunction, were observed unlike LMW-TEMPOL. RNP^O^ also prolonged the circulation of nitroxide radicals in the blood stream, which protects damage and activation of blood cells from oxidative stress. On the basis of these results, RNP^O^ suppressed ROS-induced hemolysis, mitochondrial dysfunction and platelet activation. RNP^O^ thus provided novel safety therapeutic system.
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![Change in the numbers of platelets in rat whole blood stimulated by placing glass beads as a function of (A) nitroxide radical concentration of RNP^O^ (closed circle) and LMW-TEMPOL (open circle) and (B) the extent of nRNP prepared by PEG-*b*-PCMS (open squares) and RNP^O^ prepared by PEG-*b*-PMOT (closed circles). (*n* = 4) (C--E) SEM images of glass beads after contact of rat whole blood with (C) saline, (D) LMW-TEMPOL and (E) RNP^O^ for 30 min. The concentration of nitroxide radicals was 5 mM.](jcbn13-85f05){#F5}
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